The CD73 ectonucleotidase catalyses the hydrolysis of AMP to adenosine, an immunosuppressive molecule. Recent evidence has demonstrated that this ectonucleotidase is up-regulated in T helper type 17 cells when generated in the presence of transforming growth factor-b (TGF-b), and hence CD73 expression is related to the acquisition of immunosuppressive potential by these cells. TGF-b is also able to induce CD73 expression in CD8 + T cells but the function of this ectonucleotidase in CD8 + T cells is still unknown. Here, we show that Tc17 cells present high levels of the CD73 ectonucleotidase and produce adenosine; however, they do not suppress the proliferation of CD4 + T cells. Interestingly, we report that adenosine signalling through A2A receptor favours interleukin-17 production and the expression of stem cell-associated transcription factors such as tcf-7 and lef-1 but restrains the acquisition of Tc1-related effector molecules such as interferon-c and Granzyme B by Tc17 cells. Within the tumour microenvironment, CD73 is highly expressed in CD62L + CD127 + CD8 + T cells (memory T cells) and is down-regulated in
Introduction
Clinical studies have demonstrated the ability of tumourspecific T cells to mediate the regression of established tumours. 1, 2 However, cellular therapies have been limited by the loss of anti-tumour function in vivo as T cells mature towards terminal differentiation. 3, 4 Memory T cells share with stem cells the ability to self-renew and give rise to progeny of multiple lineages, a feature known as multipotency. 5 Hence, relying on these properties mentioned above, memory CD8 + T cells may be regarded as presenting a superior anti-tumour capacity compared with other terminally differentiated T-cell subsets. Indeed, pre-clinical studies using adoptive transfer of purified CD8 + T-cell subpopulations have revealed that less differentiated or memory T cells can mediate enhanced antitumour responses compared with terminally differentiated T cells, mainly through increased proliferative potential and survival. 6, 7 Recent evidence has pointed to a role of Wnt signalling in the formation of long-term maintenance of memory CD8 + T cells. The group of Restifo has demonstrated that Wnt signalling arrests effector T-cell differentiation and generates CD8
+ memory stem cells with enhanced
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anti-tumour function. 7 Therefore, enforcing the acquisition of stem cell-like properties on anti-tumour CD8 + T cells by activating Wnt signalling may be pivotal to the development of more effective T-cell-based immunotherapies. CD8 + T cells can be classified into type 1 (Tc1) and type 2 (Tc2) cytotoxic CD8 + T cells that are characterized by the production of interferon-c (IFN-c) and interleukin-4 (IL-4), respectively. 8 In addition to Tc1 and Tc2 cells, a new subset of CD8 + T cells termed Tc17 cells was described. Tc17 cells produce IL-17 and present a low cytotoxic capacity. 9, 10 Interestingly, similar to their T helper type 17 (Th17) counterparts, Tc17 cells present active Wnt signalling, as suggested by the expression of tcf-7 (a direct target of Wnt signalling) and b-catenin accumulation. 11 The capacity to self-renew, persist in time and differentiate into IFN-c-producing cells 12 makes Tc17 cells interesting potential candidates for new T-cell-based therapies.
Purinergic mediators, such as ATP, can be released into the extracellular space constitutively and in response to stimulation where they can mediate an autocrine feedback signalling through several cell surface purinergic receptors. Following its release into the extracellular space, ATP is rapidly hydrolysed by the cooperative action of ectonucleotidases, such as CD39 and CD73. 13 CD39 (E-NTPDase1) converts ATP into AMP and then CD73 (Ecto5'NTase) dephosphorylates AMP into adenosine. Adenosine can signal through four G-protein-coupled adenosine receptors: A1, A2A, A2B and A3. 14 The A2A receptor is a G s -protein-coupled receptor, which is the predominant adenosine receptor expressed by CD4 + and CD8 + T cells and it is rapidly induced upon activation. 15, 16 Adenosine signalling through the A2A receptor was previously related to the survival and persistence of T cells. This effect is mediated by preventing the down-regulation of CD127 (IL-7Rɑ) upon activation of CD4 + and CD8 + T cells through the down-regulation of Akt activation. 17, 18 Hence, in addition to its immunosuppressive properties, adenosine may be considered as having a role in restraining the progression of naive to effector CD4 + and CD8 + T cells in the absence of strong T-cell receptor stimulation.
As it was demonstrated that transforming growth factor-b (TGF-b) can induce CD73 expression in CD8 + T cells 19 and that Tc17 cells present an active Wnt signalling, 11 we studied whether CD73-mediated adenosine production has a role in the maintenance of stem cell-like features by Tc17 cells. Our results demonstrate that Tc17 cells express high levels of lef-1 and tcf-7, two downstream transcription factors of the Wnt/b-catenin-signalling cascade. In agreement with this finding, Tc17 cells present stem-cell-like features such as persistence, reduced susceptibility to apoptosis-induced cell death, and a high potential of differentiating into Tc1-like cells within the tumour microenvironment. Interestingly, Tc17 cells express high levels of the CD73 ectonucleotidase and produce adenosine; however, they do not suppress CD4 + Tcell proliferation. In contrast, we demonstrated that CD73-mediated adenosine production may be involved in maintaining the stem-cell programme on Tc17 cells and prevents the acquisition of a Tc1-like phenotype. Finally, here we demonstrate that CD73 is expressed in memory/ naive CD8 + T cells and is down-regulated during effector differentiation within the tumour, suggesting that CD73 may have a role in restraining CD8 + T-cell differentiation. Our results suggest that CD73-driven adenosine production may be involved in arresting CD8 + T-cell differentiation and promoting stem-cell-like properties on Tc17 cells.
Materials and methods
Mice, tumour cell lines and tumours C57BL/6, B6.SJL-PTPRC (CD45.1+) and OT-I mice were purchased from The Jackson Laboratory (Bar Harbor, ME) and kept in an animal facility under standard housing guidelines. Animal work was carried out under the institutional regulations of Fundacion Ciencia & Vida and Facultad de Ciencias, Universidad de Chile and was locally approved by an ethics review committee. The B16.F10 murine melanoma was obtained from the American Type Culture Collection (Manassas, VA). Dr Randolph Noelle (Dartmouth Medical School, Hanover, NH) kindly provided the B16.OVA cells. All cell lines were routinely tested for mycoplasma contamination. A total of 0Á5 9 10 6 B16.OVA or 1 9 10 6 B16.F10 cells were injected into the intradermal layer of the right flank of mice. Tumours became visible at day 10, and the size was measured every 2-3 days. Two perpendicular measurements were made with a caliper, and the tumour area was estimated as the product of both measurements.
Generation of Tc17 and Tc1 cells
Antigen-presenting cells (APC) were purified from the spleens of C57BL/6 mice. The spleen was mechanically disaggregated and resuspended in 5 ml RPMI + 10% fetal calf serum (FCS). Tissues were digested in the presence of Collagenase D (1 mg/ml) and DNase I (25 lg/ml) (Roche, Basel, Switzerland) for 45 min at 37°with constant agitation. Cell suspensions were filtered with a 70-lm cell strainer. The APC were positively selected using anti-CD11c MACS (clone n418; Miltenyi Biotec, Bergisch Gladbach, Germany) following the manufacturer's instructions. CD8 + T cells were purified from the spleens of C57BL/ 6 or OT-I mice. The spleens were perfused with RPMI + 10% FCS. CD8 + T cells were positively selected using anti-CD8 MACS (Miltenyi Biotec) following the ª 2015 John Wiley & Sons Ltd, Immunology manufacturer's instructions. CD8 + T cells and APC were co-cultured in a 5 : 1 ratio, respectively, (0Á1 9 10 6 CD8 + T cells/well) in a 96-well round-bottom microplate. T cells were stimulated with 1 lg/ml a-CD3 antibody (clone 145-2C11; eBioscience, San Diego, CA) in the presence or absence of Tc17 polarizing conditions: 20 ng/ ml IL-6 (R&D Systems, Minneapolis, MN), 2 ng/ml TGFb (eBioscience) and 5 lg/ml a-IFN-c (clone XMG1.2, BioLegend, San Diego, CA), or Tc1 polarizing conditions: 10 ng/ml IL-2 (eBioscience) and 10 ng/ml IL-12 (R&D Systems). Alternatively, Tc17 cells were generated in the absence of APC by stimulation with 1 lg/ml plate-bound a-CD3 (145-2C11; eBioscience) and a-CD28 antibodies (37.51; BioLegend) in the presence of polarizing cytokines.
Isolation of tumour-infiltrating lymphocytes
Tumour-infiltrating lymphocytes were isolated from intradermal melanoma tumours. Whole tumours were dissected and disaggregated mechanically. Minced tissues were resuspended in 5 ml of Hanks' balanced salt solution + 5% FCS and digested in the presence of 1 mg/ml Collagenase D (Roche) and 25 lg/ml DNase I (Roche) for 30 min at 37°with constant agitation. The cell suspension was filtered with a 70-lm cell strainer (BD Falcon, Franklin Lakes, NJ). Leucocytes were resuspended in 40% Percoll (GE Healthcare, Chalfont St Giles, UK) and gently layered over 70% Percoll. The gradient was centrifuged at 750 g for 20 min at room temperature. Mononuclear cells were collected from the interphase and were washed and resuspended in RPMI-1640 + 10% FCS.
Intracellular staining and flow cytometry
Tumour-infiltrating lymphocytes, lymph node cells and polarized CD8 T-cell subsets were re-stimulated by incubation with 0Á25 lM PMA (Sigma-Aldrich, St Louis, MO) and 1 lg/ml ionomycin (Sigma-Aldrich) or plate-bound anti-CD3 (145-2C11, eBioscience) plus soluble anti-CD28 (clone 37.51, BioLegend) in the presence of Golgi Plug (BD Biosciences, San Jose, CA) for 4 hr. Cells were first stained with antibodies against cell surface markers, CD8a (53-6.7), CD45.2 (104), CD39 (24DMS1), CD73 (TY/ 11.8), and then were resuspended in a fixation/permeabilization solution (Cytofix/Cytoperm; BD Biosciences, San Jose, CA) and incubated with antibodies against IFN-c (XMG1.2), IL-17 (eBio17B7) and GzmB (GB11) for 30 min at 4°. Cells were then washed with a permeabilization buffer and resuspended in PBS + 2% FCS for FACS analysis (FACSCanto II; BD Biosciences). In some cases, Fixable Viability Dye (eBioscience) was used to discard dead cells from the analysis. The analysis of FACS data was performed using the FLOWJO software (Tree Star Inc., Ashland, OR).
Adoptive transfer experiments
For adoptive transfer experiments, 1 9 10 6 ovalbumin (OVA) -specific Tc17 or Tc1 cells were transferred into CD45.1 congenic tumour-bearing mice. Ten days after adoptive transfer, the mice were killed, and the tumour and tumour draining lymph nodes were dissected. Transferred cells (CD45.2 + ) were analysed for IL-17, IFN-c and GzmB production by flow cytometry. For long-term analysis of anti-tumour activity of Tc1 and Tc17 cells, 1 9 10 6 OVA-specific Tc17 or Tc1 cells were transferred into CD45.1 congenic mice. One day after the adoptive transfer, the mice were immunized intraperitoneally with OVA protein (1 mg). Two weeks later, mice were re-immunized with OVA protein (0Á5 mg) and 24 hr later, were challenged with 1 9 10 6 B16-OVA cells. Tumour growth was monitored every 2 days.
Cytokine secretion measurements
Tc1 and Tc17 cells were activated for 4 hr at 1 9 10 6 cells/ml with 0Á25 lM PMA (Sigma-Aldrich) and 1 lg/ml ionomycin (Sigma-Aldrich). Following activation, the supernatants were harvested and analysed using the mouse Th1/Th2/Th17 CBA Kit (BD Biosciences) following the manufacturer's instructions. Granulocyte-macrophage colony-stimulating factor was analysed by ELISA using the BD OptEIA kit (BD Biosciences, 555167).
Activation-induced cell death
Differentiated OVA-specific Tc17 and Tc1 cells were re-stimulated for 3 hr with plate-bound a-CD3 (145-2C11) and a-CD28 (37.51). Apoptosis was measured using Annexin V (BD Biosciences) and propidium iodide (PI; Sigma-Aldrich) staining by flow cytometry.
HPLC analysis of AMP hydrolysis
CD73 enzymatic activity by Tc1 and Tc17 cells was evaluated as the percentage of AMP hydrolysis by HPLC. Briefly, Tc1 and Tc17 cells generated in vitro were diluted in Hanks' balanced salt solution and incubated in a 96-well flat-bottom plate at 0Á5 9 10 5 cells/well in the presence of 10 lM AMP (Sigma-Aldrich), with or without the CD73 inhibitor APCP (Adenosine 5'-(a,b-methylene) diphosphate) (50 lM) (Sigma-Aldrich). After 1 hr, the cells were harvested, transferred to ice for 15 min, and then centrifuged at 1000 g for 10 min. Then supernatants were collected and stored at À20°until the analysis. The HPLC analysis was carried out in a Water Breeze system using an anion exchanger column (Mono Q; GE Healthcare, Chalfont St Giles, UK). The mobile phase used consisted of a linear gradient from buffer A (Tris-HCl 100 mM, pH 7Á8) to buffer B (Tris-HCl 100 mM, NaCl 1Á0 M, pH 7Á8). The effluent was monitored at 257 nm using an online UV detector. The column was calibrated using AMP and adenosine as standards.
Real time PCR
After activation, CD8 + T cells were isolated, and RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany). First-strand cDNA was synthesized from 1 lg of RNA using the First Strand Kit from Invitrogen (Carlsbad, CA). RT-PCR was performed on a Stratagene Mx3000P machine following the manufacturer's protocol. The relative level of mRNA expression for each gene was normalized to the expression of HPRT (hypoxanthine guanine phosphoribosyl transferase). The following primers were used:
Statistical analysis
Data are presented as mean AE SEM. Differences between groups were determined using a Mann-Whitney test or a two-tailed t-test. Differences between tumour growth rates were determined using two-way analysis of variance.
The statistical analysis and graphs were obtained using GRAPHPAD PRISM (GraphPad Software Inc., San Diego, CA).
Results

In vitro polarized Tc17 cells have stem cell properties
Interleukin-17-producing CD4 + T cells or Th17 cells have recently been considered as a less differentiated subset of T helper cells, presenting multipotency and self-renewal properties, both features associated with stem cells. 11, 20 To test whether stemness is a feature shared among all IL-17-producing T cells, we generated CD8 + IL-17-producing T cells (Tc17 cells) in vitro (see Supplementary material, Fig. S1a ) and analysed markers related to their differentiation status. As previously reported, 10 Tc17 cells present a dramatically reduced cytotoxic capacity compared with Tc1 cells (see Supplementary material, Fig. S1b,c) . Importantly, Tc17 cells generated in vitro showed a higher expression of stemness-associated genes, such as the Wnt targets tcf7 and lef1, and a lower expression of gzmB compared with Tc1 polarized T cells (Fig. 1a) . Tc17 cells also produced higher levels of IL-2, tumour necrosis factor-a, and granulocyte-macrophage colony-stimulating factor than did Tc1 cells when activated in vitro (Fig. 1b) .
As terminally differentiated or senescent T cells are prone to apoptosis-induced cell death, which limits the therapeutic efficacy of T cells, 21, 22 we next evaluated apoptosis-induced cell death in Tc1 and Tc17 cells. In agreement with a less differentiated status, Tc17 cells suffered significantly lower apoptosis-induced cell death than did Tc1 cells (4Á9% versus 33Á2% of apoptotic cells, respectively) (see Supplementary material, Fig. S1d ).
Stem-cell-like features in T cells were related to better anti-tumoral potential in adoptive transfer immunotherapy. 6, 7 To evaluate the anti-tumoral capacity of Tc17 cells, we generated Tc17 and Tc1 cells from OT-I mice (CD45.2 + ) and transferred 1 9 10 6 Tc1 or Tc17 cells into B16-OVA tumour-bearing B6.SJL mice (CD45.1). As shown in Fig. 1(c) , both Tc1 and Tc17 cells were able to reduce tumour growth, but Tc17 cells were less efficient compared with Tc1 cells. Both Tc1 and Tc17 cells were able to migrate to tumours and persist there until day 10. However, only Tc17 cells were able to migrate to tumour-draining lymph nodes (Fig. 1d) , a migration pattern that is related to less differentiated central memory T cells. 23, 24 In addition, Tc17 cells were able to persist as IL-17-producing cells in the tumour-draining lymph nodes and tumour, as long as 10 days after the adoptive transfer, providing evidence for the self-renewal capacity of Tc17 cells (Fig. 1e) . Moreover, within the tumour microenvironment, Tc17 cells were able to give rise to Tc1-like IFN-c + GzmB + effector T cells, showing their multi-potency capacity (Fig. 1e) . Interestingly, following adoptive transfer, Tc17 cells expressed higher levels of CD127 and CD62L and lower expression of KLRG1 when compared with Tc1 cells (Fig. 1f) .
Next, we analysed long-term protection by transferring Tc1 and Tc17 cells to normal mice and 2 weeks later challenging these mice with B16-OVA cells. As shown in Fig. 1(g ), Tc17 cells were more efficient than Tc1 cells in controlling tumour growth. All of these data support the idea that Tc17 cells are a less differentiated subset of CD8 + T cells that can persist in vivo, and differentiate into effector Tc1-like T cells in the tumour microenvironment.
Tc17 cells express high levels of CD73 and produce adenosine
A previous report demonstrated that Th17 cells generated with IL-6 and TGF-b express CD39 and CD73 ectonucleotidases, leading to adenosine production and immunosuppression. 25 Hence, we studied whether Tc17 cells, generated with the same combination of (Fig. 2a) . Endogenous Tc17 cells obtained from the lymph nodes of wild-type mice also express higher levels of the CD73 ectonucleotidase compared to Tc1 cells (Fig. 2b) . CD73 is an extracellular GPI-anchored 5 0 -nucleotidase that catalyses the hydrolysis of AMP to adenosine. In agreement with our previous observation, in-vitro-generated Tc17, but not Tc1, cells were able to hydrolyse AMP to adenosine, as measured by HPLC (Fig. 2c) . This activity is CD73-dependent because the addition of APCP, a specific inhibitor of CD73 activity, abolished adenosine production by CD4+Tc17 cells (Fig. 2c) . We next tested the immunosuppressive capacity of Tc17 cells. Although Tc17 cells were able to delay CD4 + T-cell proliferation in a contact-dependent manner, this inhibition is abolished when Tc17 cells and effector cells were cultured in Transwell chambers even in the presence of exogenous AMP (see Supplementary material, Fig. S2 ). These data suggest that CD73-mediated adenosine production by Tc17 cells is not involved in delaying T-cell proliferation.
Adenosine induces stem-cell-like properties in Tc17 cells
As Akt inhibition enhances the expansion of lymphocytes with memory cell features 26 and A2A receptor signalling 4 Tc1 or Tc17 cells were incubated with exogenous AMP (10 lM) for 1 hr and the supernatant was analysed by HPLC for the presence of AMP and adenosine using anion exchange chromatography (n = 4). Standards were prepared from the stock solution the same day of the analysis using HPLC. Results are expressed as % of hydrolysed AMP and calculated as (100 9 Adenosine peak area)/(Adenosine peak area + AMP peak area). ns, non-significant; *P < 0Á05; Mann-Whitney test.
ª 2015 John Wiley & Sons Ltd, Immunology blocks Akt activation, 18 we studied whether adenosine might support the stem cell-like phenotype of Tc17 cells. For this, we generated Tc17 cells in the presence of SCH 58261, a specific inhibitor of A2A adenosine receptor. As shown in Fig. 3(a) , the addition of SCH 58261 during Tc17 cell differentiation induced the down-regulation of tcf-7 and lef-1 and slightly up-regulated gzmb expression in these cells. Other memory T-cell-associated markers such as CD127, CD44 and CD62L were not affected in Tc17 cells after the addition of SCH 58261 during their differentiation (Fig. 3b) . Interestingly, the addition of SCH 58261 reduced IL-17 production and enhanced IFN-c production during Tc17 cell differentiation (Fig. 3c) . This effect is not only mediated by the blockade of A2A receptors on dendritic cells, as the addition of SCH 58261 during Tc17 cell differentiation using a-CD3 and a-CD28 antibodies also resulted in a reduced IL-17 production and enhanced IFN-c production (see Supplementary material, Figure S3 ).
All of these results suggest that CD73-mediated adenosine production sustains Tc17 stem cell-like phenotype by restraining the acquisition of an effector Tc1-like phenotype.
CD73 is down-regulated following conversion to Tc1 cells
Next, we studied whether CD73 expression in Tc17 cells is down-regulated following re-activation and differentiation into effector Tc1 cells. For this, we generated Tc17 cells and then the cells were reactivated in the absence of Tc17 polarizing cytokines (TGF-b and IL-6) to induce conversion to Tc1 cells. As shown in Fig. 4(a) , when reactivated in the absence of polarizing cytokines, Tc17 cells generated in vitro rapidly produce GzmB, acquiring a Tc1-like phenotype and at the same time down-regulate CD73 expression. As we have demonstrated that adoptively transferred Tc17 cells are able to convert to Tc1-like cells in the tumour microenvironment (Fig. 1e) , we studied whether these cells also down-regulate CD73 expression during their differentiation to Tc1-like cells in vivo. As shown in Fig. 4(b) , adoptively transferred Tc17 cells that convert to IFN-c-producing Tc1-like cells in the tumour microenvironment down-regulate CD73 expression. These data suggest that CD73 is down-regulated in Tc17 cells during the conversion to Tc1-like cells.
CD73 expression in CD8 + T cells is related to a memory T-cell phenotype
To further understand the role of CD73 and adenosine production by CD8 + T cells, we analysed the expression of this ectonucleotidase in CD8 + T-cell subsets obtained from the spleen of wild-type mice. As shown in Fig. 5(a) Next, we studied CD73 expression in tumour-infiltrating CD8 + T-cell subsets obtained from B16 tumour-bearing mice. Interestingly, we again observed two subpopulations of CD8 + T cells presenting high and low CD73 expression within the tumour (Fig. 5b) . When analysing CD73 + and CD73 lo CD8 + T-cell subpopulations, we observed that CD73 + T cells had a naive/memory-like phenotype characterized by high expression of CD62L and CD127 (IL-7Rɑ) and absence of KLRG1 expression. In contrast, CD73 lo T cells resemble a terminally differentiated phenotype because they lack CD62L expression and present low levels of CD127 (Fig. 5b) . All of these data suggest that CD73 is expressed in naive/memory CD8 + T cells and is down-regulated upon differentiation.
Discussion
Several reports have highlighted the role of adenosine release in the tumour microenvironment as being detrimental to the anti-tumour immune response. High concentrations of adenosine, such as the levels achieved in the tumour microenvironment, can inhibit natural killer cell function, 27 suppress Th1 and Th2 responses 28 and modulate macrophage function. 29 In agreement with these findings, the expression of adenosine-generating ecto-enzymes was also related to tumour evasion of host immunity.
30 CD39 and CD73 are two major nucleotidemetabolizing enzymes that act in tandem to catabolize ATP to adenosine.
14 These enzymes are expressed in regulatory T cells and are now considered as part of the suppressive arsenal of these cells. [31] [32] [33] Hence, CD39 and CD73 expression in tumours was proposed not only as prognostic markers in cancer patients but also as clinically relevant targets in anti-tumour therapies. 34 Accordingly, therapies using blocking antibodies against CD73 were shown to be effective in reducing tumour growth in mice. [35] [36] [37] [38] [39] It has been reported that Th17 cells express the CD39 and CD73 ectonucleotidases, produce adenosine and present an immunosuppressive phenotype. In that study, Chalmin and collaborators describe that TGF-b and IL-6, both cytokines involved in inducing the Th17 programme, up-regulate CD39 and CD73 expression in CD4 + T cells. Moreover, Th17 cells were able to reduce CD4 + and CD8 + T-cell effector functions, such as IFN-c and granzyme B (GzmB) production. 25 To study whether Tc17 cells also express these ectonucleotidases and produce adenosine, we generated Tc17 cells using TGF-b and IL-6 and observed that these cells express high levels of CD73 but low levels of CD39. In agreement with this observation, Tc17 cells produced adenosine in the presence of AMP, but were not able to reduce CD4 + T-cell proliferation in suppression assays in vitro. However, we observed that Tc17 cells were highly proliferative and that at high Tc17/T effector ratios (1 : 1 and above), they could inhibit CD4 + T-cell proliferation in a contact-dependent fashion. This effect may occur through cold target inhibition, in which T-cell contact with stimulatory APC is sterically limited by the third-party cell population at high ratios, as previously described by others. 40 In spite of this, adenosine produced by Tc17 cells may endow Tc17 cells with an immunosuppressive potential, as it reduces IFN-c production and GzmB expression, so restraining the acquisition of the cytotoxic phenotype by CD8 + T cells. New evidence supports the idea that adenosine may regulate CD8 + and CD4 + T-cell homeostasis and peripheral maintenance. In contrast to the general belief of adenosine only as an immunosuppressive factor, it was demonstrated that global deletion of A2A receptors increases tumour growth and impairs CD8 + T-cell differentiation and accumulation in tumours. 17 Moreover, the group of Linden demonstrated that adenosine favours naive CD8 + and CD4 + T-cell survival by preventing IL-7Rɑ (CD127) downregulation following T-cell receptor stimulation. 18 This effect is mediated by adenosineinduced activation of protein kinase A, followed by downregulation of the phosphoinositide 3-kinase-Akt pathway. Interestingly, Crompton and collaborators recently reported that Akt inhibition enhances the expansion of CD8 + T cells with a memory phenotype. 26 Conversely, sustained Akt activation enhances effector functions, drives differentiation into terminal effector cells and reduces CD8 + T-cell potential to survive and differentiate into memory cells. 41, 42 All this evidence point towards a role of adenosine in down-regulating the Akt pathway, so mediating an arrest of the progressive differentiation cascade of CD8 + T cells from naive to effector cells. In line with all of this evidence supporting an autocrine role of adenosine in restraining CD8 + T-cell differentiation, here we show that CD73 expression is down-regulated during CD8 + T-cell progression from naive to effector T cells. Moreover, CD8 + T cells that lack CD73 expression, also express markers of terminal differentiation such as KLRG1 and down-regulate markers associated with memory T cells such as CD127 and CD62L. Since CD73 can generate adenosine by the hydrolysis of AMP, these data suggest that CD73-driven adenosine production mediates an autocrine loop that arrests T-cell differentiation. Hence, CD73 may have a role in regulating the transition from naive to effector cells, an idea that has been already proposed by other groups. 30 Further studies are needed to demonstrate that adenosine signalling is shut-down in CD8
+ T cells presenting a terminally differentiated phenotype.
A recent report has shown that Th17 cells differentiated in the presence of TGF-b, at concentrations that induce high CD39 and CD73 expression, present a less-differentiated phenotype. This phenotype is characterized by lower expression of effector molecules, lower glycolytic metabolism, high expression of stem-cell-associated genes and high persistence in vivo. 43 In agreement with this finding, we observed that Tc17 cells that were generated in the presence of TGF-b express higher levels of CD73 and present a stem-cell-like phenotype when compared with highly differentiated Tc1 cells. Also, when re-stimulated in the absence of TGF-b, Tc17 cells generated in vitro rapidly down-regulated CD73 expression as they progressed to a more differentiated phenotype, as shown by GzmB production. Moreover, using a specific inhibitor of A2A adenosine receptor (SCH 58261), we report that adenosine prevents Wnt signalling shut-down during Tc17 differentiation, allowing these cells to maintain a stem cell-like phenotype. Although the role of CD73 in mediating this effect has to be further investigated, our results suggest that Tc17 stem cell-like programme is maintained by CD73-mediated adenosine production.
Interestingly, the addition of SCH 58261 during Tc17 cell differentiation reduced IL-17 production and favoured the generation of IFN-c-producing cells, even in the presence of blocking antibodies against IFN-c. This observation suggests that adenosine promotes Tc17 cell differentiation by directly activating A2A receptors on T cells (Fig. 6 ). In line with our observations, Wilson and collaborators have demonstrated that adenosine promotes Th17 cell differentiation by stimulating IL-6 production by dendritic cells. 44 Although we did not investigate the effect of adenosine on APC, our data showing that SCH 58261 interferes with Tc17 cell differentiation in absence of APC suggest that adenosine is also playing a direct role on T cells favouring the Tc17 programme. Further studies are needed to unravel the pathways underlying the effect of adenosine signalling on Tc17 cell programme.
In summary, our data provide evidence that suggests that CD73-driven adenosine production mediates an autocrine loop that arrests T-cell differentiation by preventing Wnt signalling shutdown. These results endow CD73 ectonucleotidase with a role, not only in maintaining stem cell-like properties and IL-17 production by Tc17 cells, but also in regulating the transition from naive to effector CD8 + T cells. Tc17 cells was measured using AnnexinV/PI co-staining after 3 hr of re-activation with plate-bound a-CD3 and a-CD28 (n = 1). **P < 0Á01 Mann-Whitney test. Specific lysis was calculated as 100 9 (% sample lysis À % basal lysis)/(100 À % basal lysis). Figure S3 . The A2AR antagonist SCH 58261 reduces interleukin-17 (IL-17) production by Tc17 cells generated in vitro. CD8 + T cells from C57BL/6 mice were co-cultured for 4 days with plate bound a-CD3 and a-CD28 and polarizing cytokines [IL-6, transforming growth factor-b 1 (TGF-b 1 ) and a-interferon-c (a-IFN-c)] in the presence of the A2AR antagonist, SCH 58261(5 lM) or DMSO as the vehicle. Cells were then stimulated with PMA plus ionomycin in the presence of Golgi Plug for 4 hr, stained for IFN-c and IL-17 production and analysed by flow cytometry. SCH, SCH 58261; (n = 1).
